Quantum sensing and simulation with single
plane crystals of trapped ions
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Outline:

e Penning trap features
- high field qubit, modes

e sensing small COM (center-of-mass) motion

- spin-dependent forces

e Quantum simulation with ion crystals in a Penning trap
- engineering Ising interactions with spin-dependent forces

- Loschmidt echo and out-of-time order correlation functions



Penning trap: many particle confinement with static fields

e radial confinement due to rotation —
ion plasma rotates v, = @, r due to ExB fields

B

in rotating frame, Lorentz force is directed
radially inward
rotating
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lon crystals form as a result of minimizing Coulomb potential energy

T— 0.4 mK (Doppler laser cooling) = qZ/aWS > kgT, 2ay,s~ ion spacing

A

type of crystal, nearest neighbor © Ny
ion spacing depend on w,

Density

Mitchell et.al., Science (1998) :
('Om

single planes Rotation fre cy ®,

bcc crystals with N>100 k

observed with:
Bragg scattering
ion fluorescence imaging




Precise w, control with a rotating electric field
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Precise w, control with a rotating electric field

Vsector = Vwau Sin(wdrl’vet + ¢)
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‘Be*,B~4.5T, o, /21 ~124.1 GHz

Be* high magnetic field qubit
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Transverse (drumhead) modes

E X B modes transverse modes cyclotron modes
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E X B modes

Transverse (drumhead) modes

| ‘ transverse modes |
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Freericks group, PRA (2013)
Baltrush, Negretti, Taylor,

Calarco, PRA (2011)
Dubin, UCSD

Modes characterized by
eigenfrequency w,,
and eigenvector b; ,,



Spin precession

Transverse (drumhead) modes

| E X B modes ‘ transverse modes |

cyclotron modes
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- spin-dependent forces




Motional amplitude sensing or

Trapped ions as sensitive E-field and force detectors

Maiwald, et al., Nature Physics 2009 — 1 yN Hz'%/2
Hempel et al., Nature Photonics 2013 — detect single photon recoil
Shaniv, Ozeri, Nature Communications, 2017 — high sensitivity (~28 zN Hz'1/2) at low frequencies

Biercuk et al., Nature Nanotechnology, 2010 — 100-ion crystal (400 yN Hz%/2)

Basic idea: map motional amplitude onto spin precession

N ion crystal
: . , * Less projection noise
Single ion N ion crystal 1
* Smaller zero-point | ~ —
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Sensing small center-of-mass motion

Fy(t) = —F(t) = Fy cos(p)

H, = 2 Fy cos(ut) 2,67
[

Implement classical COM oscillation: Z; = Z; + Z, cos(wt + ¢)

~7Z

H =F,-Z.cos|[(w— wt+ ¢] Zi%
=Fy+ Z. cos[(w — )t + ¢] S,

For 1 = w, produces spin precession with rate « Fy - Z.cos(¢)



Measuring spin precession
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/Probability of measuring spin up:\

(Py) = %(1 — e~ T(cos 9))

= %(1 — e 17, (%ZCT))
/




100

Measuring spin precession
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Sensitivity limits/ signal-to-noise
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Sensing small center-of-mass motion

Future:

® Fixed phase sensing off-resonance (i.e. fixed ¢ in Z.cos(wt + ¢))
- 74 pm in single experimental trial

-18 pm/VHz

- Exploit spins: squeezed states

® On-resonance with COM mode
- Enhance force and electric field sensitivities by Q~10°
- Protocols for evading zero-point fluctuations, backaction ??
- 20 pm amplitude from a resonant 100 ms coherent drive
e force/ion of 5 X 107> yN
e electric field of 0.35 nV/m



Potential for dark matter search
(axions and hidden photons)

20 pm amplitude from a resonant 100 ms coherent drive
e force/ion of 5 X 107> yN

e electric field of 0.35 nV/m i}“c,ga::\?%ri(lzeotfslj’
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Technical improvement: EIT cooling
Morigi PRA 67 (2003); exp results with smaller ion numbers: Innsbruck, NIST
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Technical improvement: EIT cooling
Morigi PRA 67 (2003); exp results with smaller ion numbers: Innsbruck, NIST

EIT, offset_f: 301.800,t_arm: 300 us, t_cool: 200 us
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e Quantum simulation with ion crystals in a Penning trap
- engineering Ising interactions with spin-dependent forces

- Loschmidt echo and out-of-time order correlation functions




Sensing small center-of-mass motion

Fy(t) = —F(t) = Fy cos(p)

=
I

2 Fy cos(ut) 2,67
[

Implement classical COM oscillation: Z; = Z; + Z, cos(wt + ¢)

~7Z

H =F,-Z.cos|[(w— wt+ ¢] Zi%
=Fy+ Z. cos[(w — )t + ¢] S,



Engineering quantum magnetic couplings
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Benchmarking quantum dynamics

e : : 2
« employ infinite range interactions Hjg;p 4 =~ F]SZZ, S, =Y;07/2

e prepare eigenstateof H, =>"B &, turnon H

Ising

Detect

Ising

)

general rotation

measure global spin
polarization (SZ),

variance AS? = <(§Z — <§z>)2>



Benchmarking quantum dynamics

Bohnet et al., Science 352, 1297 (2016)

Z 15F N=85 ¢ 7= 0.666ms ||
¢ 7=12ms

Spin variance (AS),)*/N/4 (dB)

0 50 100 150
Tomography angle ¢ (deq)

eMeasurements of Ramsey squeezing parameter =

prove entanglement for 25 < N < 220
eLargest inferred squeezing: -6.0 dB



Benchmarking quantum dynamics

Spin variance (AS})?/N/4 (dB)

Bohnet et al., Science 352, 1297 (2016)
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Out-of-time-order correlation functions

F(t) = (W|W@TVIW(©)V|ip) where W(t) = etW (0)e HE,
V,w)] =0

Re[F(D)] = 1 —(|[[W(D),V]I?)/2
= measures failure of initially commuting
operators to commute at later times
= quantifies spread or scrambling of quantum
information across a system’s degrees of freedom

Swingle et al., arXiv:1602.06271; Shenker et al., arXiv:1306.0622; Kitaev (2014)

Difficult to measure < requires time-reversal of dynamics

time reversal is possible in many quantum simulators!



Time reversal of the Ising dynamics

Change u = w, + o0 (antiferromagnetic)
tou = w, — o0 (ferromagnetic)



Multiple guantum coherence protocol

e Probe higher-order coherences and correlations (Pines group, 1985)

Y
prepare measure



Multiple guantum coherence protocol

[Yo) (S,)
Cool Ry Ry Detection
—77/2 77/2
] —>
T = > Y time
prepare measure

(Sx> — (l]]ol etHIsingT eld)Sx e_lHIsingTSx etHIsingT e_ld)Sx e_lHIsingfll}l())

— E (lljol eiHIsingT W'l' e_iHIsingTV'l' eiHISingT W e_iHIsingTV|lIJO>

WT(t) V1(0) W (t) V(0)

Out-of-time-order correlation (OTOC) function
= quantifies spread or scrambling of quantum
information across a system’s degrees of freedom

Swingle et al., arXiv:1602.06271; Shenker et al., arXiv:1306.0622; Kitaev (2014)



Multiple guantum coherence protocol

NJO) <Sx>
Ry Ry .
Cool - Hising R.(®) —Hjsing - Detection
] 1 T
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4]

spin component (S;)(¢)/(N/2)

MQC protocol — (S, ) measurement

|7~/)0) (Sx>
HISlng - HISlng -
T = time
prepare measure

HIsing =J/N z O-iZO-jZ

i<j
] < 5kHz
N =111
[ =93Hz

[Garttner, Bohnet et al.
Nature Physics 2017]

rotation angle ¢ 33



Fourier transform of magnetization

[Garttner, Bohnet et al. Nature Physics 2017]

Experiment

 Measure build-up
of 8-body
correlations

Fourier comp. m

* Only global spin
measurement

0. 02040608 1. 1.2 0. 0204 06 08 1. 1.2
Tinms TInms

* |llustrates how
OTOCs measure
spread of quantum
information



Summary:

® trapped ion crystals — motional amplitude sensing below
the zero-point fluctuations

®* employed spin-squeezing, OTOCs to benchmarked
guantum dynamics with long range Ising interactions

Future directions:
etransverse field, variable range interaction, longitudinal fields

Eji,jo-iz O'jZ + BJ_ 2 O'l-x + 2 hiO'iZ
i<j i i

J
® spin-phonon models (Dicke model)
—§ata — = (a +a')S, + B, S, arXiv:1711.07392

® mitigate decoherence, improve single ion readout
¢ 3-dimensional crystals with thousands of ions?
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Benchmarkmg quantum dynamlcs and entanglement
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Writing a spin gradient
method: generate Stark shift gradient in the rotating frame

uw
/2 /2

ODF, beat note = crystal rot w,.

)Slab,j
FO . r N .
Hope = Zﬂcos[Aksm(@err )Rj cos(cort + 9 )— ,ut]aj
J
U = w, produces static Stark shift in the rotating frame

F - . Az A7
~ ZA—°kJ1(Ak sin(6,,, )R, )Sln(¢j)0j => hd;
J J

A 5

/
PEE OEHX 05}
----- veveveee----Y

— A5F

1 AZ AT A7
Random field Ising model ﬁZ‘JiJO_i O +Zhjo'j
j

i<j

Pup =0.48273

*

o ® e,

" 2900088

R REE R

T IR

I..‘..‘

*

*

se® e,
* Ve

* o

EEEEEE

05

or® & s e e o0

0.5

09

0.8

07

0.6

05

0.4

103

10.2

101

up



Freericks group, PRA 87 (2013)
cyclotron modes

In-plane modes

transverse modes

E X B modes
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